We developed an in situ hybridization technique for measurement of proliferative cell numbers through detection of histone mRNA in routinely fted, paraffin-embedded tissue sections. Histone gene expression is coordinated with the cell cycle, and the increase in expression during S-phase permits unambiguous identification of cells undergoing DNA replication. Histone "As were identified in routinely processed rat liver tissue by non-isotopic in situ hybridization with digoxigenin-labeled oligonucleotide probes. Specific hybrids were detected with alkaline phosphatase-labeled anti-digoxigenin antibody and visualized by BCIELnitroblue tetrazolium indicator substrate. Unequivocal cytoplasmic labeling was observed in various cell types in the liver rem-
Introduction
The measurement of cell proliferation in tissues is important from a number of standpoints, tissue development, normal cell turnover, wound healing, and tumor progression being the most obvious cases. A large literature exists on this subject because of the feeling that the growth rate of any human or animal tumor reflects its subsequent behavior pattern, although as shown many years ago by Steel (1) this need not be the case. Counting of mitotic figures has been the traditional method of assessing cell proliferation, and is derived by simple observation. However, there are many pitfalls in the accurate measurement of the mitotic index (MI) ( 2 ) . particularly in solid tumors, where tissue heterogeneity necessitates counting of vast numbers of cells because the number of mitoses is at best moderate, since mitosis occupies such a short part of the cell's life history (3) . The DNA synthetic ($phase occupies amuch longer part of the cell cycle, and the labeling index (LI) is thus a higher index than the MI and is therefore, in theory, a more accurate measurement. The LI was first measured by tritiated thymidine, but with the widespread use of immunocytochemistry thymidine has been replaced by 5-bromo-2'-deoxyuridine (BrdUrd), a thymidine analogue (4) .
Thymidine and BrdUrd labeling both suffer from the disadvantage that the DNA substrate must be administered before detection, thus precluding retrospective studies on archival material. This limitation was overcome by the introduction of the monoclonal antibody (MAb) Ki-67 (5), which recognizes a biomolecular complex of 345 and 395 KD (6) . The human Ki-67 antigen is expressed in all stages of the cell cycle and is therefore a measure of the growth fraction, but the original antibody was limited to human snap-frozen material. Recently, the human Ki-67 has been detected in microwaved archival material with a new MAb, MIB 1 (7) . However, antigen unmasking on tissue sections can be technically demanding, requiring consideration of molarity of salt concentration, pH, and heating time for optimal detection.
The antigen termed proliferating cell nuclear antigen (PCNA) promised to replace Ki-67 because it could be detected in routinely processed tissue. PCNA, also termed cyclin, is a 36 KD non-histone nuclear protein required for DNA synthesis and repair. The prototype antibody, PClO (8), labels cells in the S-phase and beyond because of the long half-life of the protein (9) . but its value has recently been questioned because the antigen can be readily de-stroyed by prolonged fixation and can be equally well visualized in 100% of cells by aggressive antigen retrieval procedures (10) .
This study demonstrates that S-phase cells can be reliably detected in routinely fixed tissue sections by an in situ hybridization method for histone mRNA expression. The tissue chosen was rat liver after two-thirds partial hepatectomy, a classical model of epithelial regeneration (11) . The procedure is quick and easy to perform, can be used on archival material, and the results show excellent agreement between the number of cells detected by in situ labeling and the percentage of cells in the S-phase measured by BrdUrd incorporation.
Materials and Methods

Experimental Animals
Male albino Wistar rats weighing 190-220 g were used in the experiment. The animals were housed throughout the period of study five to a cage in a room where light and temperature was strictly controlled. They were fed standard laboratory pellets and given water ad libitum. To reduce any abnormal feeding activity, disturbances during the light period were kept to a minimum. Cell proliferation in the liver was stimulated by the standard two-thirds partial hepatectomy involving removal of the two anterior liver lobes. Animals were sacrificed in groups of three at 12, 18, 24, 48, or 72 hr after the operation, with each animal receiving a single IP injection of BrdUrd (Sigma; Poole, UK) at a dosage of 50 mglkg body weight 1 hr before death.
Tissue Processing
Samples of liver tissue 3-4 mm thick were taken immediately after death and fixed for 24 hr in one of three different fixatives: formal saline, neutral buffered formaldehyde, or neutral buffered paraformaldehyde. All tissues were embedded in paraffin.
Immunocytochemistry
To visualize BrdUrd incorporation immunostaining was performed on sections 5 pm thick that were mounted on poly-Llysine-coated glass slides. Immunostaining was carried out as previously described (9) . Briefly, sections were deparaffinized with CNP (Infrachem; Wigan, UK), hydrated and endogenous peroxidase inactivated by immersing the slides in 98.4% methanolll.6% H202 for 45 min. DNA was denatured by immersing the slides in 2 N HCI for 1 hr, followed by rinsing in PBS. The denatured sections were then treated with 0.2% porcine pancreas trypsin (ICN Biochemical; Thame, Oxfordshire, UK) as recommended (12) . The optimal trypsinization time for clear subsequent immunostaining was 15 min at 37'C. Immunostaining was performed with a m o w MAb to BrdUrd (Dako; High Wycombe, UK), applied in a 1:20 dilution to the sections and left overnight at 4°C. Negative controls used PBS in place of the primary antibody, All sections were then stained by the indirect immunoperoxidase method. The sections were covered with a 1:50 dilution of peroxidaseconjugated rabbit anti-mouse antibody (Dako) and were incubated for 1 hr at room temperature (RT). The sections were washed three times in PBS for 5 min each. The peroxidase reaction was developed by the diaminobenzidine method, and sections were counterstained with Coles hematoxylin for 1 min.
In Situ Hybridization
Sections 5 pm thick were cut from the same blocks of tissue as used for immunocytochemistry and mounted on aminopropyluiethoxysilane (APES)-coated slides. These were left overnight at 37°C and then the sections were dewaxed in xylene, hydrated through graded alcohols into diethylpyrocarbonate (DEPC)-treated water.
All solutions and equipment used for the stages up to hybridization were treated with H202 and DEPC to remove nucleases, especially RNAse. and all procedures were carried out wearing gloves.
Pre-treatments were carried out as previously described (13) . Briefly, the slides were immersed in 2 x SSC buffer at 70°C for 10 min and transferred to 50 mM Cis-HC1, pH 7.65, in DEPC-water (Tris-HCI). The sections were then digested in proteinase K (Boehringer; Mannheim, Germany) solutions in Xis-HC1 at concentrations of 2-10 pg/p1 and incubated at 37'C for 1 hr in a humidity chamber. After digestion, the sections were washed twice in DEPC-water at 4'C for 10 min. Finally the sections were postfixed in 0.4% paraformaldehyde. 0.1M PBSlDEPC at 4'C in a pre-cooled solution and washed twice in DEPC-water.
Preparation of Oligonucleotide Probes. Probes were designed to hybridize to the mRNA transcripts of human histone genes H2b. H3, and H4. H2a was not chosen owing to its apparently low levels of expression during the S-phase (14) . Three probes of30 bases were synthesized per mRNA species (made in the Department of Biochemistry, University of Leicester). The probes were the reverse complement of the deduced RNA sequences (14) and the nine probes were verified against known primate DNA sequences (Genbank; Cambridge, MA) for nonspecific hybridization. Control probes of 30 bases against unrelated sequences included a random sequence oligonucleotide
The synthetic oligonucleotides were synthesized by phosphoramidite chemistry using a DNA synthesizer model 380B (Applied Biosystems). Each of the 30-base-long oligonucleotides was prepared on 0.2 pmol columns and base additions were made using O-(2-cyanoethyl)-N-N-diisopropylphosphoramadites (Cruachem; Glasgow, Scotland, UK) as previously described (15) .
Oligonucleotide Labeling. Oligonucleotides were labeled at the 3' end using the terminal deoxynucleotidyl transferase (TdT) reaction previously described (16) to add a homopolymer tail of digoxigenin-12-dUTP (Boehringer) or fluorescein-12-dUTP (Boehringer). Digoxigenin-labeled probes were prepared with this method using 5-(3-aminoallyll) 2'-deoxyuridine 5'-triphosphate (AA-dUTP) (Sigma). The fluorescein-labeled oligonucleotide probes for histone synthesis and the random sequence control are commercially available in hybridization buffer through Novocastra Laboratories (Newcastle upon Tyne, UK) and are distributed in the US by Vector Laboratories (Burlingame. CA).
Hybridization and Post-hybridization Wishing. The hybridization and post-hybridization conditions were as previously described (13) . The sections were drained, excess fluid was removed, and the slides were then covered with 25 fil of pre-hybridization buffer containing 30% (vlv) formamide, 600 mM NaCI. The sections were pre-hybridized for l hr at 37°C in a humid chamber in a hot air incubator.
After pre-hybridization, the slides were drained and sections were covered with 25 fi1 of pre-warmed hybridization buffer containing labeled probe at 400 nglml. The sections were covered with siliconized coverslips to ensure even coverage with the hybridization solution. The slides were placed in humid chambers again and were incubated at 37°C overnight.
After hybridization, the coverslips were removed from sections by transferring the slides to 2 x SSC/30% (vlv) formamide pre-warmed to 37'C. The sections were then washed with the following post-hybridization schedule: 2 x SSCl30% (vlv) formamide at 37°C in a waterbath (three times for 10 min), 2 x SSC at RT (four times for 1 min). Finally the sections were washed in Tris-buffered saline (TBS), i.e., 50 mM Tris-HCI, 0.15 M NaCI, 2 mM MgC12, 3% (wlv) bovine serum albumin (Sigma), pH 7.6, containing 0.1% vlv Triton X-100 at RT for 15 min. 
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Detection.
A direct detection method using either an anti-digoxigenin alkaline phosphatase conjugate (Boehringer) in a 1:600 dilution or an antifluorescein alkaline phosphatase conjugate (L600) (Dako) was used. The sections were incubated in detection reagents, diluted in TBS in a moist chamber at RT for 30 min. Between incubations, the sections were washed in TBS twice for 5 min.
After the immunocytochemical procedures, alkaline phosphatase activity was demonstrated by the 5-bromo-4-chloro-3-indolyl phosphate (BCIP enzyme substrate) and nitroblue tetrazolium (NBT chromogen) method as previously described (16) . For optimal detection of histone "A, slides were incubated overnight, then washed in ultra-pure water, counterstained lightly in hematoxylin, and mounted in Apathy's medium. With each run there was a known positive control (human tonsil), and for each case a negative control was performed in which the histone probe was not included in the hybridization stage.
Northern Blotting
The oligonucleotide cocktails were also evaluated for the detection of specific mRNA by Northern dot-blotting. Total RNA was extracted from HLGO cells and human lymphoid tissue by the procedure of Chomezynski and Sacchi (17) and Northern blotting was carried out with nylon filters. Oligonucleotide cocktail probes were labeled with [a-32P]-dCTP using TdT, and the hybridization and post-hybridization conditions were identical to those employed in the in situ hybridization. The filters were detected by autoradiography using Kodak Xomat film exposed overnight at -8O'C.
Measurement of Labeling Indices
Labeled nuclei were counted in a uniform pattern using a square ocular 
Specificity of the In Situ Hybridization Signal
The specificity of the histone probes was confirmed by Northern blotting and in situ hybridization. The results of Northern blotting confirmed that the oligonucleotides for each histone gene hybridize to a single band in the range of 400-500 bases, representing the mature "As.
In situ hybridization specificity was confirmed by controls for nonspecific binding using the random sequence oligonucleotide and inappropriate probes, and the level of background staining from the detection system was determined by omitting the histone probe. These negative control slides showed no significant staining. The positive control of human tonsil confirmed that histone mRNA was visualized in the cytoplasm of cells proliferating in the germinal centers, and few cells were labeled in the paracortex of the tonsil.
Choice of Fixatives
Liver samples were placed in three different fixatives: formal saline (FS), neutral buffered formaldehyde (NBF), and neutral buffered paraformaldehyde (NBP). Detection of BrdUrd immunolabeled cells was the same for all three fixatives, but for in situ hybridization differences in tissue morphology were seen. All three fixatives gave good hepatocyte and littoral cell cytoplasmic labeling, seen as a dark brown cytoplasmic BCIP/NBT/alkaline phosphatase reaction product with little background staining; however, small differences in tissue morphology were seen. NBP gave the best tissue morphology and the results described here are for NBFfixed material, although the other fixatives gave the same results. Figure 1A and 1B show the changes in labeling in the hepatocytes (parenchymal cells) and littoral cells with time after resection. As expected, there was little evidence of BrdUrd incorporation or histone mRNA expression at 12 hr, but the subsequent customary wave of proliferative activity was confirmed by both methods of detection, which gave almost identical results. Both methods of labeling also confirmed that the kinetics of the littoral cell response were different from that of hepatocytes, with an approximate time 
Histone and BrdUrd Labeling Afier Partial Hepatectomy
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odology that is quick, robust, and easy to perform. The technique proved very sensitive, and the pattern of staining with in situ hybridization correlated perfectly with staining using an MAb raised against BrdUrd. The well-known kinetics and spatial heterogeneity of the proliferative reactions within the different cell populations in the liver after partial resection were confirmed by in situ  hybridization (3,lS) . The widespread use of immunocytochemistry has resulted in an explosion of renewed interest in assessing cell proliferation, particularly in clinical material, and reviews on the subject abound (2,10,19-21) . Methods based on radioactive thymidine and BrdUrd detection suffer from the limitation that these analogues must be first administered. The Ki-67 antigen originally could be detected the Ki-67 antigen in paraffin sections (7) . However the Ki-67 anti-
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gen is generally expressed throughout the cell cycle, albeit weakly in G1 (22), and a broadly similar distribution is claimed for PCNA. In addition, PCNA staining must be carefully evaluated; different commercially available antibodies to PCNA yield different results, the antigen is very prone to destruction on prolonged fixation, and antigen retrieval can cause staining in all cells (10,23,24).
The expression of histone genes is known to be tightly coupled to DNA synthesis (2 5-2 7), and since histone mRNAs are not polyadenylated they are rapidly degraded when the S-phase is completed. The detection of histone mRNA by in situ hybridization thus enables us to identdy S-phase cells. Indeed, other studies (26, 27) have considered that H3 histone mRNA expression, as visualized by radiolabeled anti-sense riboprobes, is a reliable technique for measuring cell proliferation in normal and malignant human tissues. In this study we describe a method for detection of histone mRNA in sections using a cocktail of synthetic oligonucleotide probes labeled with digoxigenin. As an alternative, fluorochrome labels can be added to the oligonucleotides to make use of fluorescence or confocal microscopy. Oligonucleotide probes are ideally (Figure 2) , it was quite clear that they were very highly correlated in both hepatocyte and littoral cell populations. The morphology and distribution of cells with staining for histone mRNA are shown in Figure 3 .
Discussion
We have applied in situ hybridization to measure cell proliferation in particular cells in S-phase in regenerating rat liver, using methence of formamide, at temperatures compatible with good tissue morphology. For in situ hybridization studies the use of cross-linking fixatives is recommended for the best mRNA preservation (28), and these were used in the present study. For BrdUrd detection, a precipitating fixative, Carnoy's, is commonly used, but poor in situ hybridization results from fixation in Carnoy's. To allow a direct comparison in the same tissue block, a proteolytic step was included to allow partial denaturation of DNA and histone dissociation before application of the primary antibody. Cross-linking fixatives appear to prevent the denaturation of DNA, so a proteolytic step is essential (12).
In conclusion, histone mRNAs can be reliably detected by in situ hybridization in routinely fixed, paraffin-embedded rat liver sections with digoxigenin-labeled probes. A digoxigenin-labeled probe is ideally suited to in situ hybridization studies in the liver because there is no background from the detection system. Identification of histone mRNA appears to be a useful marker of S-phase cells, which is applicable to other tissues and can be applied to archival material. Literature Cited
